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Abstract: We describe a method to measure tissue dynamics in mouse barrel cortex during
functional activation via phase-sensitive optical coherence tomography (PhS-OCT). The method
measures the phase changes in OCT signals, which are induced by the tissue volume change, upon
which to localize the activated tissue region. Phase unwrapping, compensation and normalization
are applied to increase the dynamic range of the OCT phase detection. To guide the OCT
scanning, intrinsic optical signal imaging (IOSI) system equipped with a green light laser source
(532 nm) is integrated with the PhS-OCT system to provide a full field time-lapsed images of
the reflectance that is used to identify the transversal 2D localized tissue response in the mouse
brain. The OCT results show a localized decrease in the OCT phase signal in the activated
region of the mouse brain tissue. The decrease in the phase signal may be originated from the
brain tissue compression caused by the vasodilatation in the activated region. The activated
region revealed in the cross-sectional OCT image is consistent with that identified by the IOSI
imaging, indicating the phase change in the OCT signals may associate with the changes in the
corresponding hemodynamics. In vivo localized tissue dynamics in the barrel cortex at depth
during whisker stimulation is observed and monitored in this study.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical detection of the neural activity in brain is gaining increasing interests in the field of
neuroscience in recent years, because several physiological changes associated with neuronal
activity can be observed by the optical methods with high spatiotemporal resolution and without
requiring the use of labeling tools and invasive procedures. Cerebral hemodynamics, in particular,
attracts tremendous interests as it is spatially and temporally regulated with neural activity through
neurovascular coupling. The previous studies of optical neural activity imaging mainly use the
optical methods such as laser speckle contrast imaging (LSCI) [1–5], laser doppler flowmetry
(LDF) [6–8], near-infrared (NIR) spectroscopy [9,10], and optical coherence tomography [11–18]
to detect the vascular responses to brain such as the changes in cerebral blood flow (CBF) [1,5],
cerebral blood volume (CBV) [3,4], deoxyhemoglobin concentration (HbR) and oxyhemoglobin
(Hb-O2) [1,2,4]. These hemodynamic-related changes are used as the markers to reveal the neural
response regions. Except for the vascular responses, neuron activity is also focused. Two-photon
calcium imaging is the current standard practice to directly visualize neuron activity [19–22].
However, this imaging technique requires the injection of contrast agents and the imaging time
is relatively long. Further investigation of the intrinsic optical signals (IOS) generated by the
activated neurons or neural tissue has also been concerned. One of the interesting findings is that
the change in neural tissue volume induced by the neuronal activation can modulate the optical
properties of the tissue [23–26]. This phenomenon has been observed by several techniques such
as traditional microscopy imaging [26], dark-field microscope [23,25] and organic photodetector
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(OPD) [24]. However, these optical techniques can only provide one-dimensional (1-D) signals
or two-dimensional (2-D) brain-slice images in vitro, and they do not enable depth resolution.

Optical coherence tomography (OCT) is a label-free, non-contact, 3D optical imaging technique
utilizing a low coherence light source and confocal detection [27]. It detects the interference
signal generated between lights backscattered from the sample volume in the focal zone of the
imaging optics and a reference beam of the interferometer, upon which depth-resolved image
of reflectivity can be efficiently reconstructed at both high lateral (∼10 µm) and axial (∼7 µm)
resolution. With an optical penetration depth of ∼2mm in the turbid tissue, such as cerebral
cortex, OCT becomes suitable for imaging the cortex tissue in animal models in a search for the
functional related signals. The relative change in OCT’s intensity signal as induced by neural
responses has already been reported to detect the visually evoked cortical functions in cat brain
[28,29], electrically evoked (forepaw stimulation) somatosensory changes in rat brain [30,31],
light activated changes in frog [32], rabbit [33], rat [34] and human [35] retinas and the electrical
stimulation of the abdominal ganglion of sea slug [36]. All these studies were focused on the
changes in the OCT intensity signals and did not investigate the changes in phase signal of the
neural tissue during activation, which, however, may provide higher sensitivity to the refractive
index change or displacement of the neural tissue.

To detect the cortical tissue responseswith higher sensitivity, phase-sensitiveOCTmeasurement
[37–39] that utilizes small variations in the optical path length (OPL) may be applied to the neural
activity imaging. Depth-resolved action-potential-related optical path length changes (i.e. phase
changes in the OCT signals) at sub-nanometer scale has been observed from lobster and crayfish
nerve preparations [40], the squid giant axon preparation [41,42] and the Drosophila CNS [43]
but all these results were demonstrated ex vivo. The challenge for monitoring the phase signals in
vivo in the cerebral cortex tissue is that the dynamics range of the OCT phase measurement is
relatively small. Phase of the OCT signal is uniquely defined within the principal value range
that is from -pi to pi, any large motion such as bulk motion, heartbeat of the living animals that
exceed the principal value range would cause the phase wrapping effect, which can distort the
original phase values. Hence, to investigate the phase changes of the neural tissue in vivo, there
is a need to correct and recover the original phase values to increase the dynamics range of the
OCT phase measurement and obtain the real phase change trend of the activated neural tissue.

In this paper, we apply the phase-sensitive OCT (PhS-OCT) to perform phase measurements in
the depth-resolved barrel cortex of anesthetized mouse brain during whisker stimulation. Phase
tracking and compensation strategies are applied to remove phase wrapping and to recover the
true phase changes. Dynamic phase change of the neural tissue during functional activation is
revealed for the first time in vivo, which may indicate a localized change in tissue volume within
the activated region of the mouse brain. To guide the OCT scanning and validate the OCT results,
IOS imaging system equipped with a green light laser source (532 nm) is integrated with the
PhS-OCT system to provide a correlated full field relative reflectance change image that reveals
the transversal 2D localized hemodynamic response area in the mouse brain. The cross-support
between the two imaging modalities will be presented to delineate both vascular and cellular
dynamics arising from neural activation in a single subject using one multi-functional optical
system.

2. Materials and methods

2.1. Animal preparation and whisker stimulation

To perform the phase measurement in the neural tissue upon functional activation, we conducted
in vivo imaging in the mouse brain barrel cortex before, during and after whisker stimulation.
All experimental procedures in this study were approved by the Institutional Animal Care and
Use Committee (IACUC) of the University of Washington and conducted in accordance with the
ARRIVE guidelines. C57BL/6 mice (Charles River Laboratories, n= 6, 3-month-old, 23–25 g)
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were used with ketamine (80mg/kg) and xylazine (10mg/kg) anesthesia through intraperitoneal
injection. Physiological parameters were monitored, including adequate anesthesia depth (no
hindpaw reflexes) and body temperature (36.8± 0.2 °C) throughout all experimental procedures.
Cranial window procedures were conducted similar to that described previously by Li et al
[44]. The mouse cranial window was then imaged with the multi-functional optical imaging
system (see Sections 2.2 and 2.3 for IOS and OCT description, respectively) before, during and
immediately after the whisker stimulation. The whole imaging time was 40 s for both OCT and
LSCI. Within the first 5 s, the mouse brain was in a resting state. From 5 s to 15 s, whisker
stimulation was applied to the mouse. From 15 s to 40 s, whisker stimulation was stopped, and
the mouse returned to the resting state. For whisker stimulation, the whiskers of the mouse were
contacted circularly by a stick-connected 2-phase stepping motor for 10 seconds. The stepping
motor was operated at full-step mode and synchronized with respective optical imaging system
so that the stimulation and data acquisition were synchronized. To make the stick rotate at 3Hz,
600 pulses were sent to the motor per second.

2.2. Intrinsic optical signal imaging (IOSI)

Schematic of the multi-functional imaging system is illustrated in Fig. 1. The IOSI system
contained a single-mode laser diode with a wavelength of λ1= 532 nm (30mW). The laser was
continuously illuminating the sample. The incidence of the laser beam was at a 30° angle from
the tissue surface [45,46] to minimize specular reflection. The diffusely reflected light from the
tissue was detected with a CMOS camera (Basler A 504k, 1280 × 1024 pixels) through a zoom
lens, which provided an adjustable magnification. The speckle size was set to twice the size of
the camera pixels [47], which maximized the contrast of the speckle patterns. This was achieved
by setting a magnification of 2.5 and imaging a field of view of ∼5.5 × 5.5mm. The camera
exposure time was set to 40ms and the sampling rate was set to 15Hz. For each data set, 600
frames were captured by the IOSI system for 40 s measurement of the mouse brain.

Fig. 1. Left: Schematic diagram of the multi-functional optical imaging system. SLD:
superluminescent diode, OC: optical circulator, PC: polarization controller, FL: focusing
lens, AL: adjusting lens, C: camera, ZL: zoom lens. Right: data processing flow chart.

After the raw reflectance images were acquired, the first 10 frames were averaged to form a
baseline image. This baseline was subtracted by each of the following frames, and the resulting
images were normalized to the baseline. Then, the time-lapse full field transversal 2D images
representing relative changes in reflectance were obtained. The time profiles of reflectance signal
change were also presented at both the activated (R1) and non-activated regions (R2). At each
region, the reflectance change (-∆R/R) signal was averaged across 6 animals.
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2.3. Optical coherence tomography (OCT)

A superluminescent diode (SLD) with a central wavelength of 1310 nm and a bandwidth of
110 nm was used as the light source, which yields an axial resolution of ∼7 µm in air. The
light from the SLD was divided into two paths through a 2 × 2 optical coupler: one for the
reference arm and the other for the sample arm. In the sample arm, the light was coupled into a
custom-designed optical system, containing a collimator, a pair of galvo mirrors, and an 10X
objective lens with 10 µm lateral resolution [44]. The lights backscattered from the sample
and reflected from the reference mirror were recombined by the 2 × 2 optical coupler, and then
transmitted to a home-built spectrometer via an optical circulator for the detection of the spectral
interference signal. The spectrometer had a spectral resolution of 0.141 nm, providing an imaging
depth of 2.22mm into the sample. A high speed InGaAs line scan camera (SUI, Goodrich Corp)
was used in the spectrometer to capture the interferograms at a recording speed of 92,000 A-lines
per second.

For the OCT scanning protocol, repeated fast B-scans were performed. Along the x-scanning
direction (i.e. fast scan), 200 A-lines were captured to achieve one B-scan cross-sectional image,
covering a range of ∼3mm on the sample. The duty cycle for B-scanning was ∼80% per cycle,
which provided a B-scan frame rate of ∼300 frames per second. The system acquired 12000
B-frames to form a 40 s time course data set.

Following conventional OCT data processing [48], OCT complex images were reconstructed
by the Fourier Transformation of the captured spectral interferograms by the spectrometer. Phase
signal φ(z, tn) was extracted from the OCT complex signal based on: φ(z, tn) = arctan

(
Im[I(z,tn)]
Re[I(z,tn)]

)
,

where z is the depth of the sample, tn the time point, and I(z, tn) the OCT complex signal. Im[]
and Re[] denote the imaginary and real parts of the OCT complex signal, respectively. To ensure
that the signal we measured was from the neuronal brain tissue, we applied vascular mask and
structural mask to the obtained phase signals. The structural mask was a binary image obtained
by the OCT image, where the signal was set to 1 if the OCT signal strength was above twice
of the noise floor, otherwise was 0. The vascular mask was also a binary image obtained by
using optical microangiography (OMAG) technique [49, 50], where the signal was set to 0 if the
OMAG signal strength was above twice of the noise floor, otherwise was 1. The final phase signal
image was the product of the initial phase image φ(z, tn), structural mask and vascular mask.

To recover the true phases due to dynamic change in cortical tissue during activation, the phase
unwrapping methods were used. We used the phase signal in the first frame as the start point, and
that in the next frame was compared with the start point. If the difference of the phase signals
between adjacent frames exceeded Pi, the phase in the next frame was compensated by ±Pi. This
process was repeated until the last frame was reached. In our experiment, the fast frame rate of
the OCT system (300 frames/s) ensured that the phase shift during sampling interval would not
exceed two cycles. This made the unwrapping method work correctly. By using this method,
the unwrapped phase signals φunwrap(z, tn) were obtained. After the phase unwrapping, all the
signals were normalized to the reference signal φr

unwrap(tn), which is stable relative to the mouse
brain: φnor(z, tn) = φunwrap(z, tn)/φr

unwrap(tn). And then, we followed the same strategy as in the
IOSI processing, i.e., the first 10 frames of the phase images were averaged to form a baseline
image PBase =

∑n=10
n=1 φnor(z,tn)

10 . This baseline was subtracted by each of the following frames, and
the resulting image was normalized to the baseline. In doing so, the relative phase change image
series were obtained as ∆P

P =
φnor(tn)−PBase

PBase
.

3. Results

In this section, we first present the IOSI result that maps the hemodynamic changes in the mouse
barrel cortex during whisker stimulation as an indication of neural activity. This resulting map
provides guidance and support to the OCT imaging and phase measurements. In the phase



Research Article Vol. 11, No. 2 / 1 February 2020 / Biomedical Optics Express 703

signal analysis, to demonstrate the necessity of the recovering of the OCT’s phase signals,
the cross-sectional OCT phase images with and without phase tracking and compensation are
presented respectively. Finally, by using the recovered phase signals, a series of cross-sectional
images representing relative phase change before, during and after stimulation are presented.
Tissue displacement of the activated barrel cortex at depth is measured and the localized response
region at the barrel cortex, consistent with the hemodynamic change signal from IOSI reflectance
maps, is visualized in the cross-sectional image.

3.1. Hemodynamic change during neural activation

Local hemodynamic change at the mouse barrel cortex during whisker stimulation was revealed
by IOSI (Fig. 2). Figure 2(A) shows a schematic of the mouse cortical functional map and a
photography of the cranial window delineating the region of the barrel cortex (BC). Blue circle
shows the location of a 5.5 × 5.5mm cranial window to be created, 1mm posterior and lateral
to bregma. Black dashed regions indicate the approximate locations of the BC. It can be seen
that the barrel cortex region covers the right side of the cranial window in this case. A 5.5 ×
5.5mm area of cortex enclosing the entire cranial window was monitored and imaged by the
IOSI system before (0∼5 s), during (5∼15 s) and after whisker stimulation (15∼40 s). Then the
relative reflectance change images were acquired and calculated by the method mentioned above.
Figure 2(B) shows the relative reflectance images at the selected time points as shown. We also
plotted the signal change over time at both activated region (R1) and the non-activated region (R2)
as indicated in the first image in Fig. 2(B). At each region, the -∆R/R signal was averaged and
plotted in Fig. 2(C), showing as the red and black curve for R1 and R2, respectively. As indicated
in the plot, the relative reflectance changes in the activated R1 began approximately 1 s after
stimulation onset. As the time of the stimulus increased, the change signals in the discrete region
continuously increased. After the stimulus ceased, the relative CBV change signals gradually
decreased. A peak increase of changes of approximately 60% of baseline occurred 11 s after
stimulus onset. On the contrary, the black curve (R2) showed no obvious responses. The high
spatiotemporal resolution of the IOSI used here has accurately mapped the location of neural
activity-induced hemodynamic responses and recorded the signal profile before, during, and after
neural activation. The observation of the localized hemodynamic modification during functional
activation is consistent with the previous studies [5]. Such mapping of the BC region is extremely
useful to guide the OCT cross-sectional B-scans, and to provide support the observed local phase
change in the BC upon whisker stimulation.

3.2. Phase tracking and compensation

The necessity of using phase unwrapping and normalization to reveal the dynamics of the brain
tissue is illustrated by comparing the ∆P/P images at 14 s shown in Fig. 3 (during stimulation
period). In the result without phase unwrapping (Fig. 3(A)), repetitive bands or striped patterns
were observed caused by the phase wrapping effect, making it difficult, if not possible, to define
the center of the response region. This phase wrapping effect would limit the ability to determine
the true OCT phase information as shown in Fig. 3(D) where both black and red curves are
wrapped within a range from -Pi to Pi. Hence, it is difficult to compare and differentiate the
phase signals at R1 position (marked as white star in Fig. 3(A)) and at R2 position (yellow star)
during the stimulation.
Figure 3(B) shows the ∆P/P image with phase unwrapping. The circular-like stripes are now

successfully removed, and the signal contrast between the activated and non-activated regions
during stimulation is revealed, where the darker color signals on the right side of the image could
possibly represent the phase changes at the activated BC. In the corresponding plots in Fig. 3(E),
phase change trend is recovered after the phase unwrapping. The red curve, which represents
the phase signal of the pixel located at the barrel cortex (at the position as marked white star in
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Fig. 2. Wide-field reflectance mapping of the mouse barrel cortex (BC) during whisker
stimulation. A) Schematic of mouse functional cortex map and photography of the cranial
window delineating the relative location of BC. B) Sequence of reflectance images indicating
the relative changes in HbT contents at BC in response to 10 s of whisker stimulation;
C) Time course of the relative reflectance changes averaged over a region centered on the
activated area R1 (indicated by red box) and non-activated region R2 (indicated by black
box) respectively. Scale bar= 1mm.

Fig. 3(A)), decreases during the stimulation while the black curve, which is the phase signal of
the pixel located at the non-response region (red star in Fig. 3(A)), remains broadly constant.
However, the difference between the black and red curves begins at around 7 s, which is 2 s
after the stimulation onset. It is still difficult to differentiate the difference between the black
curve and red curve at the first 2 s after the stimulus onset. This is because the bulk motion,
possibly caused by animal breathing or head movement during whisker stimulation, that could
distort the phase signals. The blue curve in Fig. 3(E) indicates the unwrapped phase signal of the
glass plate fixed on the mouse brain (the result of the cranial window preparation). The small
fluctuation of the blue curve shows that there is a slow bulk motion of the mouse. When the
bulk motion is large, the effective signals would be concealed. To remove the bulk motion, we
used the phase signal at the surface of the glass plate as a reference for signal compensation.
This selection of reference signal is reasonable because the glass plate, which is solid and fixed,
should possess the same motion pattern as the mouse body. Figure 3(D) shows the ∆P/P image
with phase unwrapping and compensation, where the localized response region, corresponding
to the barrel cortical region, can be clearly identified. The plot in Fig. 3(F) shows the raw phase
change curves corresponding to pixels in the activated and non-activated regions in Fig. 3(D) .
As seen, the bulk motion is now successfully removed, leading to final true phase signal, where
the measured phase at the activated region (red curve) is seen to decrease as the increase of the
stimulation time duration, whereas it remains broadly stable at the non-activated region (black
curve). Note that there is high frequency oscillations artifacts present in the plots, which are due
to the animal heartbeats.
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Fig. 3. Cross-sectional stimulus-induced relative phase changes (∆P/P) mapping and curves
obtained from OCT imaging. A) Relative phase change images at 12s (during whisker
stimulation) without using phase unwrapping and normalization; B) Relative phase change
images at 14s with phase unwrapping but without normalization; C) Relative phase change
images at 14s with phase unwrapping and normalization; D), E) and F) are the corresponding
time course (from 3.33 s to 15.66 s) raw phase curves for the pixels located at R1 indicated by
the white star (red curve) and R2 indicated by the yellow star (black curve) in A), respectively.
Scale bar= 300 µm.

3.3. Depth-resolved phase changes in neural tissue during functional activation

By applying the phase unwrapping and compensation, a sequence of cross-sectional OCT
relative phase change images covering the BC before, during, and after whisker stimulation was
generated and presented in Fig. 4(A). Cross-sectional OCT structure image and OMAG image
were presented in Fig. 4(B) and 4(C). The whisker stimulation timeline during OCT imaging
was the same as that for the IOSI, and the cross-sectional scans covered both activated and
non-activated regions as indicated in the IOSI reflectance mapping, where the BC occupied
relative to the right half of the OCT image frame (Fig. 4(D)). A localized ∆P/P change was
observed in the BC region shortly after stimulation started at 5 s. As stimulation continued, the
change in ∆P/P continued to exaggerate and expand in size. After the stimulus ceased, the ∆P/P
signals gradually increased and returned to the baseline. Figures 4(F) and 4(G) plot the time
course of the ∆P/P signals averaged over a region centered at the activated area and non-activated
region, respectively, where the blue curves are the ∆P/P signals in R1 (indicated in the white box)
and R2 (black box) corresponding to Fig. 4(A). The red curve in Fig. 4(F) is the average ∆P/P
signal in the activated region while the black curve is the average ∆P/P signal in the non-activated
region over 5 mice. The red curve (R1) illustrates a peak increase in phase of approximately 30%
occurring 10 s after the stimulus onset. The black curve (R2) shows that there was no obvious
response in R2. The shaded error bar indicates the signal variations from the data sets of the 5
mice. The averaged peak of the ∆P/P value was 0.378, with a variance of 0.06. The average
delay relative to the stimulation onset time was 42.95ms, with a variance of 15.9.
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Fig. 4. Cross-sectional OCT imaging of stimulus induced changes in tissue volume in
the mouse brain. A) Sequence of images showing the relative changes in tissue volume in
response to 10-second whisker stimulation duration from 5s to 15s after the stimulation
onset (images within the stimulation period are tagged by the white dots). Cross-sections of
B) OCT structure image; C) OMAG image; D) ∆P/P image and E) IOSI image at 14 s. F)
and G) Time course of ∆P/P signals averaged over a region centered on the activated area
R1 (indicated in the white box) and non-activated region R2 (indicated in the black box),
respectively (mean ± SEM: n= 5). Scale bar= 300 µm.

4. Discussion

The described method to properly recover the OCT phase signals has shown useful to extract
the localized dynamic changes within the brain tissue upon neural simulation in vivo. The
results demonstrated that the whisker stimulation induces a localized change in the BC, and
that the spatial location and the timeline of such changes has excellent correspondence with
the hemodynamics in the BC as recorded by IOSI. These observations may shed some new
information in the proper understanding and interpretation of stimulus-evoked local neural
activity and tissue dynamics.
It is currently not clear about the origin of phase signal change in activated cortex but can

be speculated. It has been well reported in previous studies that neural activity induces arterial
dilation in both pial and intracortical arterioles [51], so that blood volume can be regulated
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accordingly to support cerebral metabolism. The perivascular space, also known as the Virchow-
Robin space, places a key factor between the neural tissue dynamics and the vasodilatory effect.
The narrowing of the Virchow-Robin space from pial to deeper space occurs less than 100 µm
below the cortical surface, reaching ∼ 1 µm between the brain tissue and the intracortical vessels
[52,53]. This means that dilations of the intracortical vessels would require a large compression
of the surrounding brain tissue, causing a localized phase change (decreasing) in neural tissue
during vasodilation. Due to the different Virchow-Robin space along the cortical depth, a
different magnitude of such compression can be expected. Interestingly, we have observed that
the magnitude of the phase change varies spatially from the pia to the deeper cortex (Fig. 4),
in that the middle cortex has a higher degree of relative phase change. If this explanation
holds, then whether this spatially heterogeneous response is related to the perivascular space
or other mechanical properties of the brain tissue remains to be investigated. In this case, our
method and observation may have a practical bearing on fMRI imaging, as it is currently still a
matter of debate whether hemodynamic signal of the surface or intercortical vessels are more
reliable indicators of neural activity. Therefore, it is crucial to inspect hemodynamic indicators
in a depth-resolved cortex. The phase decrease may also be induced by other co-existence of
mechanisms rather than the hemodynamic effect. During activation, the opening of ion channels
may cause a slight change in the refractive index of the plasma which can also lead to the phase
decrease [54].
This is the first time, to our knowledge, that the highly sensitive detection of OCT phase

signal change was explored in the brain tissue upon neuronal stimulation in vivo. However, the
phase accumulation effect is a potential problem in the OCT phase measurement because the
phase change of the upper layer may be accumulated into the deeper layer. Further algorithm
processing method needs to be explored to remove this effect. The next step in our investigation
is to design a systematic study to confirm the origin of the observed phases. In this pursuit,
several other imaging modalities like the adaptive OCT and two-photon imaging techniques
which have higher spatial resolution could be coupled into the OCT system to image the brain
activity simultaneously. By comparing the OCT phase results with the results from these imaging
modalities, the origin of the observed phases may be elucidated.

5. Conclusion

We have developed a multi-functional imaging system that combines OCT with IOSI to detect the
intrinsic optical markers of neural responses in mouse barrel cortex during whisker stimulation
in both transversal and cross-sectional directions. IOSI was used to map and identify the regions
of hemodynamic response in the activated cortex as a guidance and support to the depth-resolved
OCT imaging. More importantly, a useful phase correction technique was used to overcome the
OCT phase-wrapping effect and to detect localized relative phase change of the barrel cortex upon
activation. The observation has presented a strong indication of the neural tissue volume change
accompanied by functional brain activities. Further physiological interpretation on the observed
phenomenon remains to be investigated. We expect that the optical platform and methods we
developed here could be useful for observing and recording the neural responses in vivo and
providing valuable insight of the neurovascular functions and regulations.
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